Phylogenetic characterization of H5N1 avian influenza viruses isolated in Indonesia from 2003–2007  by Takano, Ryo et al.
Virology 390 (2009) 13–21
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roPhylogenetic characterization of H5N1 avian inﬂuenza viruses isolated in Indonesia
from 2003–2007
Ryo Takano a, Chairul A. Nidom b,c, Maki Kiso a, Yukiko Muramoto a, Shinya Yamada a, Yuko Sakai-Tagawa a,
Catherine Macken d, Yoshihiro Kawaoka a,e,f,⁎
a Division of Virology, Department of Microbiology and Immunology, Institute of Medical Science, University of Tokyo, Shirokanedai, Minato-ku, Tokyo 108-8639, Japan
b Faculty of Veterinary Medicine, Tropical Disease Centre, Airlangga University, Surabaya 60115, Indonesia
c Collaborating Research Center-Emerging and Reemerging Infectious Diseases, Tropical Disease Centre, Airlangga University, Surabaya 60115, Indonesia
d Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
e International Research Center for Infectious Diseases, Institute of Medical Science, University of Tokyo, Shirokanedai, Minato-ku, Tokyo 108-8639, Japan
f Department of Pathobiological Sciences, School of Veterinary Medicine, University of Wisconsin-Madison, Madison, WI 53706, USA⁎ Corresponding author. Division of Virology, Dep
Immunology, Institute of Medical Science, University
Minato-ku, Tokyo 108-8639, Japan. Fax: +81 3 5449 54
E-mail address: kawaoka@ims.u-tokyo.ac.jp (Y. Kaw
0042-6822/$ – see front matter © 2009 Elsevier Inc. A
doi:10.1016/j.virol.2009.04.024a b s t r a c ta r t i c l e i n f oArticle history:
Received 5 January 2009
Returned toauthor for revision12February2009
Accepted 29 April 2009







EvolutionThe wide distribution of H5N1 highly pathogenic avian inﬂuenza viruses is a global threat to human health.
Indonesia has had the largest number of human infections and fatalities caused by these viruses. To
understand the enzootic conditions of the viruses in Indonesia, twenty-four H5N1 viruses isolated from
poultry from 2003 to 2007 were phylogenetically characterized. Although previous studies exclusively
classiﬁed the Indonesian viruses into clades 2.1.1–2.1.3, our phylogenetic analyses showed a new sublineage
that did not belong to any of the present clades. In addition, novel reassortant viruses were identiﬁed that
emerged between this new sublineage and other clades in 2005–2006 on Java Island. H5N1 viruses were
introduced from Java Island to Sulawesi, Kalimantan, and Sumatra Island on multiple occasions from 2003–
2007, causing the geographical expansion of these viruses in Indonesia. These ﬁndings identify Java Island as
the epicenter of the Indonesian H5N1 virus expansion.© 2009 Elsevier Inc. All rights reserved.IntroductionThe highly pathogenicH5N1 avian inﬂuenzaAviruswas isolatedﬁrst
from the geese in Guangdong province, China in 1996 (Xu et al., 1999).
The virus rapidly spread to birds in live-poultry markets and caused the
ﬁrst direct avian-to-human transmission with lethal outcome in Hong
Kong in 1997 (Claas et al., 1998; Subbarao et al., 1998). A series of
outbreaks occurred in southern China from 1998–2003, and H5N1
viruses spread to poultry throughout Southeast Asia, including Thailand,
Vietnam, and Indonesia, causing sporadic transmissions to humans and
tremendous damage to the poultry industry (Chen et al., 2006; Guan et
al., 2002; Li et al., 2004). Inmid-2005, unprecedented outbreaks inwild
migratory birds at Qinghai Lake in western China triggered the
geographical expansion of H5N1 viruses across Asia, Europe, and Africa,
giving rise to N400 human infections with a high mortality rate of N60%
(Chen et al., 2005; Liu et al., 2005; WHO, 2009b).
In Indonesia, the H5N1 outbreaks were initially conﬁrmed in
poultry in December 2003. The outbreaks spread rapidly and the virus
was identiﬁed in almost all of the provinces of Indonesia by the end ofartment of Microbiology and
of Tokyo, 4-6-1 Shirokanedai,
08.
aoka).
ll rights reserved.2007 (OIE, 2006;WHO, 2009b). Zoonotic transmission to humanswas
ﬁrst conﬁrmed in western Java in July 2005. As of April 21, 2009,
Indonesia hadmore than 141 conﬁrmed human cases with 115 deaths.
This represents the highest case number and mortality rate (N80%) of
all affected countries, accounting for more than one-third of all
conﬁrmed human H5N1 infections (WHO, 2009b). Therefore, a
comprehensive understanding of the enzootic situation of H5N1
inﬂuenza viruses in Indonesia is essential to prevent and control the
number of human infections with these viruses.
The putative ancestor of H5N1 viruses is A/goose/Guangdong/1/
96 and the HA genes of currently circulating H5N1 viruses were
inherited from this virus (Duan et al., 2007; Wallance et al., 2007).
Previous phylogenetic analysis has shown that the HA gene of this
ancestor is highly diversiﬁed and a variety of antigenically and
genetically distinct sublineages has been established (termed clades
0–9) (WHO/OIE/FAO H5N1 Evolution Working Group, 2008).
Indonesian H5N1 viruses were exclusively classiﬁed as clade 2.1,
which includes three subclades (termed clades 2.1.1–2.1.3) (WHO/
OIE/FAO H5N1 Evolution Working Group, 2008). Although the HA
gene evolution deserves much attention because of its central role in
antigenic drift and host interactions, information regarding the
remaining seven viral genes is also critical for disease control efforts,
as these genes contribute to antiviral drug susceptibility, host range,
and virulence, among other phenotypic properties (Zhao et al., 2008).
Table 1
Selection of model of evolution for phylogenetic inference.
Data set HKYa AICb HKY+I+Ga AIC GTRa AIC GTR+I+Ga AIC
PB2 2706.32 5420.64 2690.16 5392.32c 2705.58 5427.16 2689.01 5398.02
PB1 4312.17 8632.33 4290.84 8593.69 4303.57 8623.13 4282.54 8585.08
PA 2186.11 4380.22 2163.44 4338.88 2185.97 4387.94 2163.79 4347.59
HA 5580.04 11168.08 5510.86 11033.71 5566.40 11148.80 5499.77 11019.54
NP 2390.37 4788.73 2375.58 4761.15 2376.37 4768.74 2363.20 4744.40
NA 3607.28 7222.56 3576.68 7165.36 3588.87 7193.74 3560.00 7140.01
M 2455.94 4919.88 2417.80 4845.61 2448.26 4912.51 2409.12 4836.25
NS 2338.84 4685.68 2324.64 4659.29 2332.47 4680.95 2318.37 4654.75
Large HA 9623.03 19254.06 9373.69 18759.39 9590.70 19197.39 9347.79 18715.59
a Negative of the log of maximum likelihood values (−LnL) from ﬁtting the named models of evolution. Not shown are the results for the models TN and TN+I+G since they
were not “best” for any data set.
b AIC: the Akaike AIC=−2 LnL+2n, where n=number of free parameters in the model. Here, n=4 (HKY) and 8 (GTR); n increases by 1 for each of I and G. I is set to 0 for NP, M
and NS to achieve convergence.
c The preferred model for a given dataset has the lowest AIC value and is presented in boldface.
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gene, of H5N1 viruses are frequently replaced with those of other
avian inﬂuenza viruses by genetic reassortment, establishing multiple
viral genotypes in southwest China (Chen et al., 2006; Guan et al.,
2002; Li et al., 2004; Zhao et al., 2008). One of the genotypes, Z, which
emerged between 2002–2003, dominated in Southeast Asian coun-
tries, such as Vietnam, Thailand, and Indonesia (Chen et al., 2006). The
phylogenetic characterization of the eight viral genes could deﬁne the
viral genotype and identify potential reassortment events. However,
because complete sequence data for all eight gene segments are
lacking, little is known regarding the evolution and enzoocity of H5N1
viruses in Indonesia.
Here, we characterized twenty-four avian H5N1 isolates collected
from different regions of Indonesia between October 2003 and March
2007 and phylogenetically analyzed their viral gene segments,
together with the sequence data from public databases, to examine
enzoocity and evolution, to identify potential reassortant genotypes,
and to investigate the prevalent viral genotypes within the country.Results
Inference of phylogenetic trees
To select a model of evolution for building the phylogenetic trees,
we compared a range of models using maximum likelihood analysis
for each viral gene data set. Maximum likelihood inference demon-Fig. 1.Map of Indonesia. The diagonal line shows the provinces where the H5N1 avian inﬂue
western Java (green), central Java (light blue), eastern Java, Bali, and Nusa Tenggara (blue), anstrated the importance of allowing for site-speciﬁc rates of evolution
in ﬁtting these data (Table 1). The choice among the HKY (Hasegawa–
Kishino–Yano), TN (Tamura–Nei) and GTR (General time reversible)
substitution models was less important. Based on the AIC (Akaike's
Information Criterion) values, we selected the HKY+I+G (HKY plus
Invariant sites plus Gamma distributed) model for two of the eight
segments (PB2 and PA), and the more complex GTR+G (GTR plus
Gamma distributed) (NP, M, NS) or GTR+I+G (GTR plus Invariant
sites plus Gamma distributed) (PB1, HA, NA) model for the
remaining segments (see also Materials and methods). We also
selected the GTR+I+G model for the expanded HA data set. When
maximum likelihood bootstrap values for a branch in the tree were
high, they were closely matched by Bayesian values. When bootstrap
values were moderate, Bayesian support was almost always
substantially higher, reﬂecting the known conservative bias in
bootstrapping (Hillis and Bull, 1993) (A comparable relationship be-
tween support values from these two methods is observed in Duan
et al. (2008)). Bootstrap values from the selected maximum like-
lihood model of evolution and Bayesian posterior probabilities are
presented in Figs. 2a, 3 and SI Fig. 1 for the branches that are
signiﬁcant to this study.Phylogenetic analysis of the HA gene
To investigate the enzoocity and evolution of H5N1 inﬂuenza viruses
prevalent in Indonesia, we sequenced the HA genes of twenty-fournza viruses used in this study were collected. Colors indicate Sumatra and Banka (red),
d eastern Indonesia (purple) including Kalimantan, Sulawesi, Maluku, and Papua Island.
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Fig. 2. Transition of the predominant viruses in Indonesia. (a) Maximum likelihood
phylogenetic tree of the HA gene of H5N1 avian inﬂuenza viruses in Indonesia, inferred
by using the GTR+I+G model of evolution. Numbers at indicated nodes (e.g., 54/87)
give (ﬁrst number) maximum likelihood bootstrap values from 100 replicates under
this model, and (second number) the Bayesian support for the node under the same
model. Analysis was based on nucleotides 77–1702 (1626) of the H5 HA gene. The
phylogenetic tree was rooted to A/goose/Guangdong/1/96. Viruses from this study are
indicated in boldface. The colored box next to the strain name indicates the place where
the virus was collected based on Fig. 1. Scale bar, 0.01 nucleotide substitutions per site.
(b) Transition in the proportion of isolates from each clade in Indonesia. Diamond (♦),
square (■), triangle (▴), and circle (●) shapes indicate clades 2.1.1, 2.1.2, 2.1.3, and IDN/
6/05-like viruses, respectively. Abbreviations: Ck, chicken; Dk, duck; Fl, Feline; Gd,
Guangdong; Gs, goose; Gx, Guangxi; HK, Hong Kong; IDN, Indonesia; MDk, Muscovy
duck; Qa, quail; Ty, turkey; Zz, Zhengzhou.
16 R. Takano et al. / Virology 390 (2009) 13–21viruses isolated from poultry in different areas of Indonesia (Fig. 1)
between October 2003 and March 2007. Based on the recent HA
classiﬁcation, Indonesian viruses were exclusively classiﬁed into clade
2.1, which includes the three subclades 2.1.1, 2.1.2, and 2.1.3 (WHO/OIE/
FAOH5N1 EvolutionWorkingGroup, 2008). Phylogenetic analysis of the
HAgenes of our H5N1 viruses showed that the IndonesianH5N1 viruses
could be classiﬁed into three groups, as reported previously, but a
distinct sublineage, represented by the virus A/Indonesia/6/05, could
be established (termed the IDN/6/05-like lineage) (Fig. 2a). Based on
HA classiﬁcation criteria proposed by the WHO/OIE/FAO H5N1
Evolution Working Group, this sublineage cannot be identiﬁed as a
distinct clade because it lacks an average pairwisedistance of N1.5% from
the other clades; however, it has an average distance of N1.0% from clade
2.1.3, indicating that it is clearly distinct from clade 2.1.3.
Of the viruses obtained in our surveillance program from 2003–
2007, ﬁve strains were grouped into clade 2.1.1, 15 into clade 2.1.3, and
four into the IDN/6/05-like lineage. All of the Indonesian lineages
could be characterized by their geographic differences and host
species (Table 2); that is, clade 2.1.1 viruses have prevailed among
poultry on Java Island since 2003, clade 2.1.2 among poultry and
humans on Sumatra Island since 2004, and IDN/6/05-like viruses
among poultry and in one human on Java Island since 2004. Clade 2.1.3
was highly diversiﬁed but could be classiﬁed into two groups; the
avian sublineage and the avian/human sublineage. The latter
sublineage included all of the human isolates, except for A/
Indonesia/6/05, that were isolated in western Java. Both sublineages
could be further classiﬁed into several clusters by geographical
differences, indicating that multiple different viruses have evolved
in different areas in Indonesia.Fig. 3. Phylogenetic relationships of the HA (a), PB2 (b), and PB1 (c) genes of H5N1 inﬂuen
HKY+I+G (PB2) or GTR+I+G (PB1, HA)model of evolution. Numbers at indicated nodes g
speciﬁed model, and (second number) the Bayesian support for the node under the same m
PB2 and PB1 genes, respectively. All treeswere rooted to A/duck/Guangxi/50/2001. Colors in
2.1.3 (blue). Viruses from this study are indicated in boldface. Scale bar, 0.01 nucleotide subst
Kong; HN, Hunan; IDN, Indonesia; Ph, pheasant; Qa, quail; ST, Shantou; Ty, turkey.When we examined the proportion of virus isolates of different
clades for each year, we found that clade 2.1.3 viruses have
predominated in Indonesia in recent years, whereas clade 2.1.1 and
2.1.2 viruses have become increasingly rare since 2005 (Fig. 2b). These
ﬁndings indicate that after introduction of an H5N1 virus into
Indonesia, multiple evolutionally distinct sublineages of viruses
were established and clade 2.1.3 viruses have predominated since
2005 and have sporadically been transmitted to humans.Genotyping
To investigate the phylogenetic relationships of all of the viral
genes and to determine the Indonesian viral genotypes, we sequenced
the remaining seven genes of the twenty-four avian H5N1 viruses and
analyzed them phylogenetically, together with publicly available
complete genome datasets of other Indonesian isolates. The analysis
of the HA of H5N1 viruses that caused outbreaks in poultry in 2003–
2005 classiﬁed them as either clade 2.1.1 (yellow) or as early
progenitors of clade 2.1.2 (red) or 2.1.3 (blue) viruses (Fig. 3a). Upon
analyses of the remaining genes, we found that these three groups of
viruses (i.e., those highlighted in yellow, red, or blue) did not cluster
by themselves. Rather, viruses classiﬁed to one group clustered with
other groups. For example, the HA of Ck/Purworejo/BBVW/05
clusters with the early isolates of clade 2.1.3 in the HA tree, but its
PB2 gene clustered with those highlighted in yellow (Fig. 3b). Similar
discordance of grouping depending on the genes analyzed was found
for the PB1 (Fig. 3c), PA, NP, NA, M, and NS (SI Fig. 1) genes. These data
suggest that early in the introduction of an H5N1 virus into Indonesia,
substantial reassortment occurred and that multiple reassortants
circulated, which have evolved since 2005 to form subgroups A, B, and
C represented by clades 2.1.2, 2.1.3, and IDN/6/05-like viruses,
respectively, in the HA phylogeny (Fig. 3a). We, therefore, focused
on these subgroups, A, B, and C viruses, for subsequent analyses.
Phylogenetic analyses of the PB2, PA, NP, and NS genes of subgroups
A, B, and C demonstrated that the phylogenetic relationships
established for the HA gene were maintained (Fig. 3b and SI Fig. 1).
For the NA gene (SI Fig. 1), the phylogenetic relationships established
for the HA gene were basically maintained, although group C viruses
were separated into two sublineages (C1 and C2). Interestingly, phylo-
genetic analyses of the PB1 (Fig. 3c) and M (SI Fig. 1) genes allowed us
to detect a reassortment event: that is, group B viruses were divided
into two sublineages (B1 and B2), both of which differed by 12 nucleo-
tides for PB1 and 9 for M in their open reading frames (ORF), and the B2
sublineage clustered together with group C1. These results led us to
classify the Indonesian viruses into ﬁve Indonesian genotypes, IDN-A,
IDN-B, IDN-C, IDN-Bc, and IDN-Cx (Fig. 4). IDN-Bc genotype viruses
were generated by reassortment between genotype C and genotype B
viruses, possessing PB1 and M genes from an IDN-C virus and their
remaining genes from an IDN-B virus. IDN-Cx genotype viruses were
generated by reassortment between genotype C and descendants of a
virus that is a progenitor of Indonesian isolates, possessing PB1 and NA
genes from the virus and their remaining genes from an IDN-C virus.Dynamic changes of viruses circulating in Indonesia
To estimate the evolutional pathway and potential route of spread
of H5N1 viruses in Indonesia, wemapped the viral genotypes and host
species to the collection site of each virus (Fig. 5).za A viruses in Indonesia. Maximum likelihood phylogenetic trees inferred by using the
ive (ﬁrst number) maximum likelihood bootstrap values from 1000 replicates under the
odel. Analyses were based on nucleotides 49–1659, 1035–1896, and 1–1461 for the HA,
dicate clade 2.1.1 viruses (yellow), the progenitors of clade 2.1.2 (red), and progenitors of
itutions per site. Abbreviations: Ck, chicken; Dk, duck; Fl, Feline; Gx, Guangxi; HK, Hong
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Table 2
Clade characterization with isolation period, host species, and geographic locations.
Cladea Year Geographic locationb Host species Description and representative strain name
Major Minor
2.1.1 2003–2007 Java Kalimantan Avian Early progenitors of Indonesian H5N1 viruses, circulating mainly
from 2003–2005 in Java.
A/chicken/Indonesia/PA/03
2.1.2 2004–2007 Sumatra Java Avian/human Caused outbreaks mainly from 2004–2006 in Sumatra, including
human outbreaks in Karo district.
A/chicken/Dairi/BPPVI/05
A/Indonesia/CDC599/06
2.1.3 2004–2007 Throughout Indonesia Avian/human Dominant throughout Indonesia, includes almost all the human
isolates in western Java.
A/chicken/East Java/UT6020/06
A/Indonesia/CDC739/06




a See the phylogenetic tree in Fig. 2a.
b See the location map in Fig. 1.
Table 3







Westerna Centralb Easternc East South
2003 Oct.–2004 Sep. 6/9 5/9 14/20 0/2 2/3 3/4 –e – 30/47
2005 Jan.–2005 Jul. 0/12 1/10 2/4 0/3 – – 2/2 0/4 5/35
2006 Nov.–2007 Mar. 3/3 0/2 15/17 0/3 – 3/3 – – 21/28
Total 9/24 6/21 31/41 0/8 2/3 6/7 2/2 0/4 56/110
a Western Java includes West Java, Banten, and Jakarta provinces.
b Central Java includes Central Java and Yogjakarta provinces.
c Eastern Java includes East Java, Bali, and East Timor provinces.
d Southern Sumatra includes Lampung and South Sumatra provinces.
e No surveillance data available.
Table 4
Inﬂuenza viruses isolated from poultry in our surveillance study from October 2003–March 2007 in Indonesia.
Date of sample
collection
Provincea Virus Cladeb Description and genotype
2003 Oct. West Java A/chicken/West Java/UT1001/03 2.1.1 Early Indonesian isolates
Nov. East Java A/chicken/East Java/UT1006/03 2.1.1 Early Indonesian isolates
2004 Jan. Yogjakarta A/quail/Yogjakarta/UT1023/04 2.1.3 Progenitor of genotype IDN-B
Feb. East Kalimantan A/chicken/East Kalimantan/UT1035/04 2.1.1 Early Indonesian isolates
Mar. East Java A/duck/East Java/UT1046/04 2.1.1 Early Indonesian isolates
May Yogjakarta A/quail/Yogjakarta/UT1075/04 2.1.3 Progenitor of genotype IDN-B
Aug. East Java A/duck/East Java/UT1107/04 2.1.1 Early Indonesian isolates
2005 Jan. Bali A/chicken/Bali/UT2091/05 2.1.3 Genotype IDN-B
Jan. Bali A/chicken/Bali/UT2092/05 2.1.3 Genotype IDN-B
Jan. South Sulawesi A/chicken/Sulawesi Selatan/UT2093/05 2.1.3 Genotype IDN-B
Jan. South Sulawesi A/chicken/Sulawesi Selatan/UT2094/05 2.1.3 Genotype IDN-B
Feb. Central Java A/chicken/Central Java/UT3091/05 IDN/6/05-like Genotype IDN-C
2006 Oct. Banten A/chicken/Banten/UT6025/06 2.1.3 Genotype IDN-B
Nov. East Java A/chicken/East Java/UT6016/06 IDN/6/05-like Genotype IDN-Cx
Nov. East Java A/chicken/East Java/UT6017/06 2.1.3 Genotype IDN-B
Nov. East Java A/chicken/East Java/UT6019/06 IDN/6/05-like Genotype IDN-Cx
Nov. East Java A/chicken/East Java/UT6020/06 2.1.3 Genotype IDN-B
Nov. East Java A/chicken/East Java/UT6021/06 2.1.3 Genotype IDN-B
Nov. East Java A/chicken/East Java/UT6023/06 2.1.3 Genotype IDN-B
Nov. South Kalimantan A/chicken/South Kalimantan/UT6028/06 2.1.3 Genotype IDN-B
Nov. South Kalimantan A/chicken/South Kalimantan/UT6029/06 2.1.3 Genotype IDN-B
2007 Jan. East Java A/chicken/East Java/UT6031/07 IDN/6/05-like Genotype IDN-Cx
Mar. East Java A/chicken/East Java/UT6044/07 2.1.3 Genotype IDN-B
Mar. East Java A/chicken/East Java/UT6045/07 2.1.3 Genotype IDN-B
a See the location map in Fig. 1.
b See the phylogenetic tree in Fig. 2a.
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Fig. 4. Genotypes of Indonesian H5N1 viruses. The eight gene segments are (horizontal
bars starting at the top): PB2, PB1, PA, HA, NP, NA, M, and NS genes.
19R. Takano et al. / Virology 390 (2009) 13–21Between 2003–2004, the early Indonesian H5N1 viruses (yellow)
were ﬁrst introduced into Kalimantan and Nusa Tenggara Island from
Java Island. In 2004, these Indonesian progenitor viruses were
introduced into Sumatra from Java Island and evolved into genotype
IDN-A viruses (red) without reassortment with other viruses.
Since 2004, Java's early H5N1 viruses have evolved into two
genotypes (genotype IDN-B (blue) and -C (green)). Genotype IDN-B
viruses, which have prevailed among poultry, were subsequently
transmitted to Sulawesi Island in 2005 and Kalimantan Island in 2006.
The simultaneous emergence of genotype IDN-C viruses on Java Island
led to the generation of genotype IDN-Bc viruses by reassortment.
Another reassortment event between IDN-C and a descendant of a
virus that is a progenitor of Indonesian isolates led to the generation of
genotype IDN-Cx, which circulated among poultry in East Java
province from 2006–2007. Thus, since introduction of an H5N1 virus
into Indonesia, the virus repeatedly reassorted and evolved to form
three subgroups (IDN-A, -B, and -C) of viruses, some of which further
reassorted to form new genotypes. Moreover, the transport of virus-
infected poultry appears to have contributed to the extensive spread
of the viruses in Indonesia.
Discussion
In this study, we phylogenetically analyzed twenty-four H5N1
viruses isolated in Indonesia from 2003–2007 and determined the
viral genotypes within Indonesia. Mapping the viral genotypes on
Indonesian geography enabled us to speculate how the H5N1 virus
evolved and spread throughout Indonesia. Previous studies have
shown that the ﬁrst H5N1 virus was introduced into East Java province
in Indonesia from Hunan province in China in 2003 (Wang et al.,
2008). This early H5N1 virus prevailed on Java Island and spread into
surrounding areas such as Sumatra and Kalimantan Island during the
subsequent year (Smith et al., 2006). We found that these descen-
dants evolved differently via geographically distinct epizootics into
genotype IDN-A in Sumatra and genotypes IDN-B and -C on Java
Island. Genotype IDN-Aviruses subsequently spread to Sumatra Island
in 2004, causing intra-familial congregate transmission of H5N1
viruses in the Karo district of North Sumatra province in May, 2006
(Yang et al., 2007). On the other hand, genotype IDN-B and -C viruses
have been simultaneously circulating in western Java, where they
reassorted to generate genotype IDN-Bc viruses. It is interesting to
note that almost all of the viruses isolated from humans in western
Java were genotype IDN-Bc viruses, and the emergence of reassortant
genotype IDN-Bc viruses coincided with an accelerated number ofhuman infections (Lam et al., 2008). Of particular importance, there
were no previous reports of genotype IDN-Bc viruses from poultry,
implying a lack of sufﬁcient surveillance of these viruses. Despite the
accumulation of sequence data for the HA and NA genes in public
databases, the lack of other viral gene sequences prohibited further
analyses of viruses prevailing in Indonesia. Recently, it was also
reported that human infections were conﬁrmed in not only western
Java but also various provinces on Sumatra Island (WHO, 2009a).
Although infections among poultry were conﬁrmed in Papua and
Maluku Island, the lack of complete sequence datasets and insufﬁcient
analysis of the isolates further impeded the assessment of the
circulating H5N1 viruses in Indonesia. Moreover, analyses that have
been possible demonstrated that the introduction of H5N1 viruses
from Java Island into Sumatra, Sulawesi, and Kalimantan Island
occurred on several occasions, leading to the recent widespread
dissemination of H5N1 viruses.
Indonesia is an island nation composed of about 17,500 islands of
various sizes, with over half the population living on Java Island. The
spread of H5N1 viruses may well be man-made, because live poultry
was frequently transported from Java Island to the surrounding
islands, such as Sumatra, Sulawesi, and Kalimantan Island, which are
comparatively sparsely populated. In addition, given that the H5N1
viruses have evolved differently on different islands (Fig. 5), the recent
extensive spread of these viruses may not only accelerate virus
divergence, but may also increase the risk of human infections. Our
results strongly suggest the necessity of extensive surveillance and
urgent analyses of the viruses isolated in Indonesia, if the spread of
these viruses is to be controlled.
In summary, we phylogenetically analyzed twenty-four H5N1
viruses isolated from poultry in different areas of Indonesia from
2003–2007 and demonstrated that Indonesian viruses were classiﬁ-
able by collection year and geographical differences. In addition,
introduction of H5N1 viruses from Java Island to surrounding islands
occurred several times, causing these viruses to become enzootic in
Indonesia. As a result, the H5N1 virus has evolved into multiple
genotypes and at least two reassortant events occurred on Java Island
between 2005–2006. Our ﬁndings clearly show that the epicenter of
Indonesian H5N1 viruses was Java Island. Because there are no reports
of conﬁrmed infections among wild or migratory birds, the restriction




Inﬂuenza virus surveillance was conducted in live-poultry markets
and farms in thirteen provinces on six islands, i.e., Sumatra (South
Sumatra and Lampung provinces), Java (Jakarta, Banten, West Java,
Central Java, Yogjakarta, East Java provinces), Bali (Bali province),
Sulawesi (South Sulawesi province), Kalimantan (East and South
Kalimantan provinces) and Papua island (Irian Jaya province) in
Indonesia from October, 2003 to March, 2007 (Fig. 1, Tables 3 and 4).
Tracheal and cloacal swabs or feces were collected from chickens,
ducks, and quails. All virus isolation was performed using 10-day-old
embryonated chicken eggs.
Sequence analysis
Viral RNA was extracted from viruses in the allantoic ﬂuid of
infected eggs using a QIAamp Viral RNA Mini kit (Qiagen, Hilden,
Germany). Extracted RNA was reversely transcribed with Super-
Script™ III reverse transcriptase (Invitrogen, Carlsbad, CA) and an
oligonucleotide complementary to the 12-nucleotide sequence at the
3′ end of the viral RNA and ampliﬁed by PCR with Pfu-ultra
(Stratagene, USA) or Phusion (Finnzymes, Espoo, Finland) high-
Fig. 5. Spread and evolution of H5N1 viruses in Indonesia. The colored areas indicate the place where each genotype virus, as deﬁned in Fig. 4, had been circulating.
20 R. Takano et al. / Virology 390 (2009) 13–21ﬁdelity DNA polymerase and primers speciﬁc for each segment of the
H5N1 inﬂuenza virus. Primer sequences are available upon request.
The PCR products were puriﬁedwith aMinElute PCR Puriﬁcation kit orGel Extraction kit (Qiagen) and then directly sequenced with the
BigDye terminator kit on an ABI 3130xl (Applied Biosystems, Foster
City, CA) following the manufacturer's instructions.
21R. Takano et al. / Virology 390 (2009) 13–21Phylogenetic analysis
All eight viral genes from each of the twenty-four avian H5N1
viruses obtained in this study were phylogenetically analyzed,
together with publicly available sequence datasets. All sequences
were assembled and edited using BioEdit 7 software. Maximum
likelihood and Bayesian inferences were carried out on DNA
sequences. Maximum likelihood analyses used PhyML (Guindon and
Gascuel, 2003). Six models were compared: (i) HKY; (ii) TN; (iii) GTR;
(iv) HKY+I+G; (v) TN+I+G; and (vi) GTR+I+G (Felesenstein,
2004). We used Akaike's AIC for selecting the preferred model
(Akaike, 1974). Bootstrap support values were calculated by using
PhyML (Guindon and Gascuel, 2003) from 1000 replicates using
maximum likelihood and the preferred model of evolution. Bayesian
analyses were conducted by using MrBayes 3.1.2 (Huelsenbeck and
Ronquist, 2001) with the preferred model selected in the maximum
likelihood analyses. With the exception of the Temp parameter of
MrBayes, all were set to default values; Temp was lowered to achieve
an adequate rate of chain swapping to reach convergence. Five
replicates of one million generations with four chains, sampled every
100 generations, were calculated; all replicates converged with less
than 0.01 standard deviation in the split frequencies. Bayesian
posterior probabilities were calculated from the consensus of 37,505
trees after discarding the ﬁrst 25% of the sampled trees as burn-in.
Analysis of the expanded HA data set was carried out analogously,
except 100 bootstrap replicates were calculated in the maximum
likelihood analysis.
Nucleotide sequence accession numbers
The nucleotide sequences obtained in this study are available from
GenBank under accession numbers GQ122384 to GQ122575.
Acknowledgments
We thank Susan Watson and Krisna Wells for editing the manu-
script. This work was supported by a grant-in-aid for Specially
Promoted Research and by a contract research fund for the Program
for Funding Research Centers for Emerging and Reemerging Infectious
Diseases from the Ministries of Education, Culture, Sports, Science,
and Technology and by grants-in-aid of Health, Labor, and Welfare of
Japan, by ERATO (Japan Science and Technology Agency), by the U.S.
Department of Energy through the LANL/LDRD Program and by the
National Institute of Allergy and Infectious Diseases Public Health
Service research grants.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virol.2009.04.024.
References
Akaike, H., 1974. A new look at the statistical model identiﬁcation. IEEE Trans. Autom.
Control 19, 716–723.
Chen, H., Smith, G.J.D., Zhang, S.Y., Qin, K., Wang, J., Li, K.S., Webster, R.G., Peiris, J.S.,
Guan, Y., 2005. H5N1 virus outbreak in migratory waterfowl. Nature 436, 191–192.
Chen, H., Smith, G.J.D., Li, K.S., Wang, J., Fan, X.H., Rayner, J.M., Vijaykrishna, D., Zhang,
J.X., Zhang, L.J., Guo, C.T., Cheng, C.L., Xu, K.M., Duan, L., Huang, K., Qin, K., Leung,Y.H., Wu, W.L., Lu, H.R., Chen, Y., Xia, N.S., Naipospos, T.S., Yuen, K.Y., Hassan, S.S.,
Bahri, S., Nguyen, T.D., Webster, R.G., Peiris, J.S., Guan, Y., 2006. Establishment of
multiple sublineages of H5N1 inﬂuenza virus in Asia: implications for pandemic
control. Proc. Natl. Acad. Sci. U.S.A. 103, 2845–2850.
Claas, E.C., Osterhaus, A.D., van Beek, R., De Jong, J.C., Rimmelzwaan, G.F., Senne, D.A.,
Krauss, S., Shortridge, K.F., Webster, R.G., 1998. Human inﬂuenza A H5N1 virus
related to a highly pathogenic avian inﬂuenza virus. Lancet 351, 472–477.
Duan, L., Campitelli, L., Fan, X.H., Leung, Y.H., Vijaykrishna, D., Zhang, J.X., Donatelli, I.,
Delogu, M., Li, K.S., Foni, E., Chiapponi, C., Wu, W.L., Kai, H., Webster, R.G.,
Shortridge, K.F., Peiris, J.S., Smith, G.J., Chen, H., Guan, Y., 2007. Characterization of
low-pathogenic H5 subtype inﬂuenza viruses from Eurasia: implications for the
origin of highly pathogenic H5N1 viruses. J. Virol. 81, 7529–7539.
Duan, L., Bahl, J., Smith, G.J.D., Wang, J., Vijaykrishna, D., Zhang, L.J., Zhang, J.X., Li, K.S.,
Fan, X.H., Cheung, C.L., Huang, K., Poon, L.L.M., Shortridge, K.F., Webster, R.G., Peiris,
J.S.M., Chen, H., Guan, Y., 2008. The development and genetic diversity of H5N1
inﬂuenza virus in China, 1996–2006. Virology 380, 243–254.
Felsenstein, J., 2004. Inferring Phylogenies. Sinauer Associates, Inc., Sunderland, MA,
USA.
Guan, Y., Peiris, J.S., Lipatov, A.S., Ellis, T.M., Dyrting, K.C., Krauss, S., Zhang, L.J., Webster,
R.G., Shortridge, K.F., 2002. Emergence of multiple genotypes of H5N1 avian
inﬂuenza viruses in Hong Kong SAR. Proc. Natl. Acad. Sci. U.S.A. 99, 8950–8955.
Guindon, S., Gascuel, O., 2003. A simple, fast, and accurate algorithm to estimate large
phylogenies by maximum likelihood. Syst. Biol. 52, 696–704.
Hillis, D.M., Bull, J.J., 1993. An empirical test of bootstrapping as a method for assessing
conﬁdence in phylogenetic analysis. Syst. Biol. 42, 182–192.
Huelsenbeck, J.P., Ronquist, F., 2001. MRBAYES: Bayesian inference of phylogenetic trees.
Bioinformatics 17, 754–755.
Lam, T.T., Hon, C.C., Pybus, O.G., Kosakovsky Pond, S.L., Wong, R.T., Yip, C.W., Zeng, F.,
Leung, F.C., 2008. Evolutionary and transmission dynamics of reassortant H5N1
inﬂuenza virus in Indonesia. PLoS Pathog. 22, e1000130.
Li, K.S., Guan, Y., Wang, J., Smith, G.J., Xu, K.M., Duan, L., Rahardjo, A.P., Ruthavathana, P.,
Buranathai, C., Nguyen, T.D., Estoepangestie, A.T., Chaisingh, A., Auewarakul, P.,
Long, H.T., Hanh, N.T., Webby, R.J., Poon, L.L., Chen, H., Shortridge, K.F., Yuen, K.Y.,
Webster, R.G., Peiris, J.S., 2004. Genesis of a highly pathogenic and potentially
pandemic H5N1 inﬂuenza virus in eastern Asia. Nature 430, 209–213.
Liu, J., Xiao, H., Lei, F., Zhu, Q., Qin, K., Zhang, X.-w., Zhang, X.I., Zhao, D., Wnag, G., Feng,
Y., Ma, J., Liu, W., Wang, J., Gao, G.F., 2005. Highly pathogenic H5N1 inﬂuenza virus
infection in migratory birds. Science 309, 1206.
OIE, 2006. Update on highly pathogenic avian inﬂuenza in animals (Type H5 and H7).
http://www.oie.int/downld/AVIAN%20INFLUENZA/A2006_AI.php. Accessed at 24
Dec 2008.
Smith, G.J., Naipospos, T.S., Nguyen, T.D., de Jong, M.D., Vijaykrishna, D., Usman, T.B.,
Hassan, S.S., Nguyen, T.V., Dao, T.V., Bui, N.A., Leung, Y.H., Cheung, C.L., Rayner,
J.M., Zhang, J.X., Zhang, L.J., Poon, L.L., Li, K.S., Nguyen, V.C., Hien, T.T., Farrar, J.,
Webster, R.G., Chen, H., Peiris, J.S., Guan, Y., 2006. Evolution and adaptation of H5N1
inﬂuenza virus in avian and human hosts in Indonesia and Vietnam. Virology 350,
258–268.
Subbarao, K., Klimov, A., Katz, J., Regnery, H., Lim, W., Hall, H., Perdue, M., Swayne, D.,
Bender, C., Huang, J., Hemphill, M., Rowe, T., Shaw, M., Xu, X., Fukuda, K., Cox, N.J.,
1998. Characterization of an avian inﬂuenza A (H5N1) virus isolated from a child
with a fatal respiratory illness. Science 279, 393–396.
Wallance, R.G., Hodac, H., Lathrop, R.H., Fitch, W.M., 2007. A statistical phylogeography
of inﬂuenza A H5N1. Proc. Natl. Acad. Sci. U.S.A. 104, 4473–4478.
Wang, J., Vijaykrishna, D., Duan, L., Bahl, J., Zhang, J.X., Webster, R.G., Peiris, J.S., Chen, H.,
Smith, G.J., Guan, Y., 2008. Identiﬁcation of the progenitors of Indonesian and
Vietnamese avian inﬂuenza A (H5N1) viruses from southern China. J. Virol. 82,
3405–3414.
WHO, 2009a. Avian inﬂuenza. situation in Indonesia. http://www.searo.who.int/en/
Section10/Section1027/Section2095/Section2366_13425.asp. Accessed at 24 Apr
2009.
WHO, 2009b. Cumulative number of conﬁrmed human cases of avian inﬂuenza
A/(H5N1) reported to WHO. Available via; http://www.who.int/csr/disease/
avian_inﬂuenza/country/cases_table_2009_04_21/en/index.html. Accessed at 24
Apr 2009.
WHO/OIE/FAO H5N1 Evolution Working Group, 2008. Towards a uniﬁed nomen-
clature system for highly pathogenic avian inﬂuenza virus (H5N1). Emerg. Infect.
Dis. 14, e1.
Xu, X., Subbarao, K., Cox, N.J., Guo, Y., 1999. Genetic characterization of the pathogenic
inﬂuenza A/Goose/Guangdong/1/96 (H5N1) virus: similarity of its hemagglutinin
gene to those of H5N1 viruses from the 1997 outbreaks in Hong Kong. Virology 261,
15–19.
Yang, Y., Halloran, M.E., Sugimoto, J.D., Longini Jr., I.M., 2007. Detecting human-to-
human transmission of avian inﬂuenza A (H5N1). Emerg. Infect. Dis. 13, 1348–1353.
Zhao, Z., Shortridge, K.F., Garcia, M., Wan, X.F., 2008. Genotypic diversity of H5N1 highly
pathogenic avian inﬂuenza viruses. J. Gen. Virol. 89, 2182–2193.
